This paper details a bulk acoustic mode resonator fabricated in single-crystal silicon with a quality factor of 15 000 in air, and over a million below 10 mTorr at a resonant frequency of 2.18 MHz. The resonator is a square plate that is excited in the square-extensional mode and has been fabricated in a commercial foundry silicon-on-insulator (SOI) MEMS process through MEMSCAP. This paper also presents a simple method of extracting resonator parameters from raw measurements heavily buried in electrical feedthrough. Its accuracy has been demonstrated through a comparison between extracted motional resistance values measured at different voltage biases and those predicted from an analytical model. Finally, a method of substantially cancelling electrical feedthrough through system-level electronic implementation is also introduced.
Introduction
There has been an increasing interest in the development of silicon micromechanical resonators in recent years due to their wide range of potential applications. These applications have included filters [1] , a whole host of resonant sensors [2] , which include strain sensors [3] , inertial sensors such as accelerometers [4] and gyroscopes [5] , mass sensors [6] , electrometers [7] , temperature sensors [8] , as well as high-stability frequency references [9, 10] . As a material, single-crystal silicon has been well known for its superior mechanical properties [11] . Among the possible structural topologies studied, the flexural [12] and bulk acoustic mode [13] resonators are more common. In comparison to flexural mode structures, the bulk acoustic mode topology has been demonstrated to yield a higher quality factor (Q) than flexural mode resonators [14] . One such example, demonstrated for a plate structure excited in its square-extensional (SE) mode, has satisfied GSM specifications with regard to phase noise [15] . This result was reported for a device operating in vacuum, and had a reported Q of 130 000. In this paper, we report measurements of Q in air for a resonator excited in the SE mode. This was found to be close to 15 000 at a resonant frequency of 2.18 MHz [16] .
Since the resonator is addressed in a two-terminal configuration for this mode, there is a large parasitic capacitive feedthrough relative to the sensed motional current. The physical sources of this capacitive feedthrough parasitic [17] include (1) the direct overlap capacitance of the transducer, (2) capacitive coupling through the substrate via the bond pads, (3) interconnects and (4) the electrical package. Although the estimated feedthrough capacitance is relatively small (approximately 2 pF), for high-frequency (HF) applications, the electrical path through this capacitor is significant and could potentially obscure any observable signal stemming from the motion of the structure. For the device described in this paper, a hand analysis shows that even with a large bias voltage of 90 V, the resonant peak height relative to the background signal is only 0.2 dB when operating in air, rendering impossible to directly deduce the Q of the resonator from open-loop electrical transmission measurements.
Based on the analytical model of an equivalent series resonant circuit [18, 19] , a simple method for extracting important resonator parameters such as the Q and motional resistance from raw measurements heavily embedded in large feedthrough was employed. The recovered data, otherwise buried heavily by parasitic feedthrough, have been validated against analytical model predictions, which were found to be in good agreement. Before concluding the paper, a system-level circuit topology for cancelling feedthrough is presented and implemented for the resonator topology described in this paper. An enhancement of over 30 dB in the magnitude response peak height and −130
• in the phase shift is observed through implementing the feedthrough cancellation technique. 
Resonator model and design
The SE mode of a plate resonator may be described as a plate that is extending and contracting symmetrically in all four directions. The shape of the plate is thus maintained in the SE mode in contrast to the isochoric Lame mode. The plate is excited into this mode through lateral capacitive-gap drive electrodes on each side of the structure as shown in figure 1 . The motion of the structure is monitored through a motional sense current that results from changes in the capacitance across the transduction gaps. For a square plate of side length L and thickness h, its effective mass may be approximated to the mass of the square, given by [20] 
And the effective stiffness is given by
Hence, the resonance frequency in the SE mode may be approximately predicted by
where ρ is the mass density of silicon and E denotes the effective Young's modulus for two-dimensional expansion [21, 22] . The resonance frequency is thus primarily dependent on the length of the square plate, and its acoustic velocity, which itself is materially dependent. For a square plate of length L = 2 mm, the predicted resonant frequency from (3) is approximately 2.18 MHz. This figure agrees well with the solution obtain from finite element simulation, and also with experimental measurements as will be demonstrated in a later section. Table 1 summarizes the resonator parameters.
Fabrication
The resonators were fabricated through a commercial SOI MEMS foundry process (MEMSCAP) as summarized in figure 2 . The fabrication process begins with a highly doped 25 µm thick n-type device layer so as to provide ohmic contact. Following metallization to define the bond pads, the resonator, anchors and electrodes are all patterned from the front side of the wafer using DRIE. These features that have been pattered from the front side are subsequently covered under a polyimide protective coat applied to the front side. A backside trench is then etched through the substrate of the wafer, removing silicon beneath parts of the structure to be released-the resonator plate in this case. The exposed buried oxide is removed with a HF wet etch, releasing the structure from underneath first. The resonator is then full released from the topside by removing the protective polyimide coat that was applied. The final step of the process involves the metallization of bond pads on the substrate from the topside using a shadow mask to provide electrical contact to the substrate. The capacitive transduction gap was designed for 3 µm, which is slightly wider than the minimum gap size (2 µm) allowed by the foundry process. In the MEMSCAP SOI process, the removal of the underlying substrate greatly reduces parasitics between the device layer and the substrate, which is beneficial for sensing small motional currents at moderately high frequencies (MHz range). Figure 3 shows an SEM of a corner section of the resonant structure. Figure 1 provides a circuit schematic, including the resonator, to illustrate the measurement setup used for obtaining the transmission characteristics of the devices. A dc voltage bias was applied through a 100 k resistor, which was decoupled from the RF output of the network analyser (Agilent 4396B) using a 100 nF capacitor. Negative bias voltages ranging from −60 V to −135 V were applied to the resonator in incremental steps of 15 V. Figures 4(a) and (b) show the series of transmission curves (for both magnitude and phase) obtained when measuring in air, each corresponding to the bias voltage applied. Figure 5 provides a schematic of the equivalent circuit model for a typical micromechanical resonator, with the associated electromechanical parameters given for this model. A large feedthrough capacitor C f is located in parallel with the resonator, which has been modelled as an LRC series resonant circuit. The physical sources of this feedthrough capacitor for a two-port measurement have been highlighted in the introduction. The combined frequency response of the device admittance Y, including feedthrough contributions, is given by
Resonator characterization

Equivalent circuit modelling and parameter extraction
where ω 0 is the frequency at resonance and C m is the motional capacitance. A hand analysis shows that even with a large applied dc bias, the ratio of the feedthrough impedance to the motional resistance is large, thereby making it nearly impossible to directly extract resonator parameters.
However, by considering the relationship between the phase and magnitude plots of the measured transmission with and without a dc bias applied, the contribution from the feedthrough can be isolated. This is possible because the motional capacitance C m is a function of the applied dc bias V DC and is given by
Here η is the electromechanical coupling coefficient normalized to unit voltage and k eff is the effective stiffness of the resonator. Hence, the measured admittance of the resonator without applied resonator bias is dominated by the feedthrough capacitance while the admittance, measured as a function of applied dc bias, consists of both the motional and feedthrough components. By subtracting the admittance measured under the two different conditions (with and without applied bias), it is possible to extract the motional component of the admittance and fit the resulting motional impedance to a Lorentzian function to extract resonator parameters. This procedure was applied to the experimental data reported in the previous section to produce the following restored series of transmission curves corresponding to the different applied dc bias shown in figures 6(a) and (b). The measured and extracted data curves are compared against theoretically predicted curves based on the equivalent circuit model shown earlier in figure 5 . These are illustrated in figures 7(a) and (b), which show that the empirical results, obtained in the limit of large electrical feedthrough, are in good agreement with the equivalent circuit analytical model. The transmission curves show that there is insignificant frequency shift as the applied bias voltage is increased, due to relatively large transduction gaps.
The motional resistance of the resonator for different biases may be calculated from the model, based on the known geometries and material properties of the resonator. Likewise, these parameters for a given dc bias may be deduced from the extracted frequency response curves. Figure 8 shows both extracted and modelled motional resistances for the range of applied voltages reported in the previous section on characterizing the resonators. These are also in good agreement with each other. It has thus been demonstrated that the method of extracting resonator parameters from raw measurement data heavily buried in feedthrough, though simple, is accurate and reliable. Based on this method of extraction, the Q of the resonator was obtained for different pressures from 1 atm to below 10 mTorr. Figure 9 shows the effects of viscous damping on the Q of the resonator as the pressure is decreased. The extracted values of Q from raw data measurements were 15 000 in air, and 450 000 at 0.01 mBar with a transimpedance amplifier intermediate stage between the resonator and network analyser.
A list of damping mechanisms that determine the ultimate quality factor of a resonator is given in [22] , and includes air damping, thermoelastic dissipation, anchor/clamping loss, intrinsic material loss and surface loss. It may be seen from figure 9 that below 1 mBar, Q is limited by damping mechanisms other than air damping. The reported structure is suspended from each corner by T-shaped anchors as illustrated in figure 3 . Since the displacements of the bulk mode resonators are much smaller in comparison with flexural mode structures, the clamping losses at these anchors will also be greatly reduced. In addition, the surface-to-volume ratio of the bulk mode resonator is significantly smaller relative to a cantilever/doubly clamped beam for the same resonance frequency. While these features may qualitatively explain the observation of very high quality factors, further work is required to ascertain the mechanism that sets the damping below 1 mBar for this resonator.
Feedthrough cancellation
We have demonstrated that the electrical feedthrough contributions to the sense current may be isolated to extract resonator parameters using the simple method explained above. But in addition to parameter extraction from raw data, undesired electrical feedthrough may also be removed through system-level circuit topology implementations. This can be achieved by using a single-to-differential drive amplifier at the input of the resonator as shown in figure 10 . In this topology, one of the outputs is coupled to the drive electrodes of the resonator. The other output is in anti-phase relative to the resonator input drive signal. Since the large feedthrough capacitor C f is located in parallel with the resonator, by coupling this anti-phase signal to a tuned compensating capacitor C neg parallel to C f , substantial cancellation of the unwanted feedthrough can be achieved. Fully differential detection schemes have been reported for three-port Lame mode measurements [23, 24] . These employ both differentialdrive and differential-sense, and cannot be applied to two-port electrical measurements, like in the case of the SE mode.
The measured transmission curves with and without using the feedthrough cancellation technique are shown in figures 11(a) and (b). These measurements were carried out without a transimpedance amplifier intermediate stage, which would otherwise lower the effective quality factor of the resonator. The measured quality factor in figure 11(b) is 1.04 million and the motional resistance is approximately 33 k operating at just below 0.013 mBar. It may be observed from figure 11(b), though measured for a different SE mode resonator device of the same dimensions, that there is no anti-resonance in the transmission curves with the use of this compensation technique. There is an observable increase in the peak height by over 30 dB as a result of the feedthrough cancellation. The increased figure of merit, given by the ratio of the motional resistance to the impedance of the feedthrough capacitor at resonance, is an important consideration for MEMS oscillators to work, such as the Pierce topology oscillators. This method that employs negating capacitive compensation for feedthrough cancellation is both simple and effective in practice.
Conclusions
We have reported measurements of the quality factor of singlecrystal silicon square-extensional mode resonators, which was found to be about 15 000 in air. The highest measured value of the quality factor was 1.04 million, obtained at an operating pressure at just below 0.013 mBar. Despite substantially large amounts of electrical feedthrough, we have shown that it is possible to extract important resonator parameters such as the motional resistance, Q factor and resonance frequency. The extracted motional resistances measured at a range of voltage bias applied are in good agreement with the equivalent circuit model, establishing a simple and accurate general procedure for full electrical characterization of micromechanical resonators in the presence of large electrical feedthrough. Apart from isolating the feedthrough component through extraction from raw measured data, we have also demonstrated feedthrough cancellation at the circuitlevel using a negating capacitive compensation scheme. The techniques and methods described in this paper could be used as potential aids for the study of micromechanical resonators, which have been the focus of much interests in the past few decades, and are likely to continue in their growing importance.
